The neuronal RNA-binding protein HuD is involved in synaptic plasticity and learning and memory mechanisms. These effects are thought to be due to HuD-mediated stabilization and translation of target mRNAs associated with plasticity. To investigate the potential role of HuD in drug addiction, we first used bioinformatics prediction algorithms together with microarray analyses to search for specific genes and functional networks upregulated within the forebrain of These findings suggest HuD involvement in addiction-related behaviors such as cocaine conditioning and seeking, through increased plasticity-related gene expression.
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The neuronal RNA-binding protein HuD is involved in synaptic plasticity and learning and memory mechanisms. These effects are thought to be due to HuD-mediated stabilization and translation of target mRNAs associated with plasticity. To investigate the potential role of HuD in drug addiction, we first used bioinformatics prediction algorithms together with microarray analyses to search for specific genes and functional networks upregulated within the forebrain of HuD overexpressing mice (HuD OE ). When this set was further limited to genes in the knowledgebase of addiction-related genes database (KARG) that contains predicted HuD-binding sites in their 3 0 untranslated regions (3 0 UTRs), we found that HuD regulates networks that have been associated with addiction-like behavior. These genes included Bdnf and Camk2a, 2 previously validated HuD targets. Since addiction is hypothesized to be a disorder stemming from altered gene expression causing aberrant plasticity, we sought to test the role of HuD in cocaine conditioned placed preference (CPP), a model of addiction-related behaviors. HuD mRNA and protein were upregulated by CPP within the nucleus accumbens of wild-type C57BL/6J mice. These changes were associated with increased expression of Bdnf and Camk2a mRNA and protein.
To test this further, we trained HuD OE and wild-type mice in CPP and found that HuD OE mice showed increased cocaine CPP compared with controls. This was also associated with elevated expression of HuD target mRNAs and proteins, CaMKIIα and BDNF.
These findings suggest HuD involvement in addiction-related behaviors such as cocaine conditioning and seeking, through increased plasticity-related gene expression.
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| INTRODUCTION
Posttranscriptional mechanisms affect gene expression at multiple levels, including the control of mRNA stability or ability of recently transcribed mRNA to be translated into functional protein. 1 This set of regulatory mechanisms may be even more integral to neuronal physiology because many neuronal proteins have a variety of isoforms generated through alternative splicing, the neuronal structure requires long-distance transport of mRNAs, and de novo protein synthesis can occur away from the cell body. [2] [3] [4] [5] Given the simultaneous influence over mRNA processing, stability and protein translation, it is not surprising that posttranscriptional regulation plays a role in many behaviors. [6] [7] [8] [9] [10] [11] [12] [13] [14] HuD is a neuronal RNA-binding protein (RBP 15 ) that stabilizes specific target mRNAs, such as those encoding brain-derived neurotrophic factor (BDNF) and calcium/calmodulin-dependent protein kinase type II alpha chain (CaMKIIα), through direct interaction with their 3 0 UTRs. [16] [17] [18] HuD is localized to the dendritic compartment of hippocampal neurons, 19 where it has been implicated in activitydependent synaptic tagging controlling CamkIIα mRNA localization and translation. 18 Additionally, neuronal activity regulates HuD expression, localization and association with plasticity-associated mRNAs such as Homer1a and Camk2a. 20 Recent studies indicate that
HuD also plays a role in translation 21 and that protein kinase C Substance use disorders, and their animal model cognate, addiction-like behaviors, are aberrant forms of learning that have been hypothesized to arise from similar molecular and electrophysiological processes as those found in other forms of associative learning and memory. [29] [30] [31] [32] [33] The encoding of environmental cues predicting rewardavailability is a feature shared by both natural and drug-induced forms of learning and memory. These strong associations with cues are thought to be involved in the chronic relapsing state of patients with substance use disorders. 34 Drug-conditioned place preference (CPP) is an animal model useful for studying learning and motivation acquired through associations between drug effects and environmental cues present during the drug experience. Acquisition and expression of CPP is thought to recruit protein-synthesis-dependent mechanisms, 35, 36 which are critical for forming the drug-cue associations that motivate approach and contact with the cues (ie, a model of conditioned drugseeking behavior 37 ). Since HuD mRNA targets have been suggested to play a role in general plasticity and learning, as well as cocaine-induced behaviors, 38, 39 we hypothesized that HuD regulation of mRNAs, such as Camk2a and Bdnf, may play a role in cocaine-CPP.
| METHODS

| Animal husbandry
Transgenic mice overexpressing HuD (HuD OE ) under the Camk2a promoter were generated and backcrossed to a C57BL/6J background for >20 generations. 40 that is, the number of evidences of their association with addiction from categories such as microarray data, low-throughput evidence and genetics. Thus, as in a previous study, 6 we selected genes where their association with addiction was supported by at least 2 independent sets of evidence. ARGs with evidence scores ≥2 were crossanalyzed with the identified molecules regulated by HuD and the resulting set of 173 molecules are listed in Table 1 .
| qRT-PCR and western blot analyses
For mRNA analyses, brains from HuD OE mice were isolated and quickly frozen in isopentane cooled at −40 C by a methanol-dry ice bath. They were then dissected using a brain matrix and the nucleus accumbens Western blots were performed as previously described 45 and then standardized by pixel density to the Coomassie Brilliant Blue stain of total protein as described previously. 45 Westerns were replicated 2 to 3 times and data were averaged together.
| Conditioned place preference studies
For CPP, 2 month old Male C57Bl/6J mice (n = 20/group) underwent training as previously described. 46 The conditioning apparatus is a set On the first day, animals received a saline injection and were allowed to roam throughout the apparatus for 10 minutes to habituate to the chambers. Time spent in each chamber was recorded in the habituation session with an Ethovision XT8 system calibrated for C57Bl/6J mice on the chamber background. Data were recorded in the habitation session to determine if the animals inherently preferred either chamber, confirming these mice showed no preference for either chamber. Conditioning to noncontingent injections took place over the next 3 days, and on each day animals were confined to one of the chambers for 30 minutes, and 5 hours later were confined to the other chamber for 30 minutes. Mice were returned to their home cages between sessions.
In one experiment, wild-type mice were randomly assigned to either a conditioned group that received cocaine immediately before placement into the conditioned stimulus (Cs+) chamber and saline immediately before placement into the other (Cs−) chamber, or a control group that received saline immediately before placement into either chamber. In the subsequent experiment, wild-type mice were compared with HuD OE mice and all were cocaine-conditioned as above. The chamber assigned as the Cs+ was randomly assigned assuring unbiased equal numbers assigned to each chamber in each group. The session during which conditioned mice received cocaine was counterbalanced across AM/PM sessions. Finally, on the fifth day, animals were given a saline injection and 17 and that were identified as ARG in the KARG database, suggesting that they may play a role in addictionrelated processes.
allowed to freely explore the entire apparatus for 20 minutes. Using the Ethovision XT8, preference was calculated by time spent in CS+ vs CS−.
The first 5 minutes of the test day was not analyzed to remove the effects of the aversive injection, such as postinjection grooming. Animals were sacrificed 1 hour following the saline injection.
| Statistical analyses
Behavioral and biochemical measures were analyzed using Student t tests using SPSS 24.0 (IBM, Armonk, New York).
| RESULTS
| Analyses of HuD-regulated addiction-related targets
Previously, it has been shown that HuD regulates a number of genes associated with memory, learning and plasticity through stabilization and translation of the mRNA transcript. [16] [17] [18] 20, 22 Due to the multiple sets of transcripts regulated by HuD, the entire regulatory program induced by this RBP has not been fully determined. Since we hypothesized that HuD may regulate mRNAs associated with addictionrelated behaviors, we sought to identify predicted targets of HuD in a database of addiction-related genes (KARG; http://karg.cbi.pku.edu. HuD regulates addiction-associated molecular networks. Predicted HuD targets were identified in silico by selecting mRNAs that contained ≥1 HuD binding motif(s) within the 3 0 UTRs as described by Bolognani et al. 17 A, Predicted HuD targets were found to be enriched within the KARG datasets for genetic and microarray evidence compared with transcripts containing the same motifs in the entire mouse genome (***P < .001 2-tailed χ 2 test). Next, in vivo regulated, addiction-related targets were identified using microarrays. A set of transcripts that A) were upregulated by a fold change of ≥1.25 and P < .05 in HuD OE compared with control littermate forebrain tissue, B) were present in the KARG database and C) contained HuD binding sites in the 3 0 UTR as described in (A). B, Molecules fitting these criteria were associated with CNS functions and diseases, such as behavior. mRNAs associated with behavior were clearly organized into biological functions associated with addiction (C) and formed a top molecular network (D) implicated in addiction-associated behaviors relative to control mice were selected as putative HuD-regulated targets. We then used KARG to refine our list to addiction-related transcripts with evidence scores ≥2, which indicate that at least 2 independent publications support the association with drug addiction. The presence of predicted HuD-binding sites in this subset was confirmed upon 3 0 UTR analyses as described before (Reference 17
and Table S1 , Supporting Information). From these bioinformatics analyses, we found 173 HuD-regulated genes were previously identified as ARGs (Table 1) Table 1 ; selections shown in Figure 1D ).
Thus, we concluded that HuD induces a regulatory program that controls the expression of many genes associated with drug addiction.
| Regulation of HuD targets during cocaine CPP
Since these HuD-regulated transcripts were previously identified as
ARGs and associated with behavior, we sought to determine whether HuD and its targets were regulated during cocaine CPP. A group of 16 C57Bl/6J male mice were trained, as previously described, with alternating cocaine or saline injections each paired with a specific chamber, respectively, to form an association between the cocaine unconditioned stimulus (US) and the environmental conditioned stimulus (CS+ or in the case of Saline, CS−). A control group of 16 mice were trained in a similar fashion with saline paired with both chambers, thus removing the associative learning between CS and US. On the test day, animals received a saline injection and were allowed to freely roam between the chambers. As described earlier, CPP was measured by time spent in the CS+ vs the CS− chamber, thus scores >1 indicate preference for the CS+ chamber while scores~1 suggest no preference for either chamber. As expected, mice trained with cocaine and saline showed CPP for the cocaine-paired chamber ( Figure 2A ; t(28.47) = 4.05, P = .0004, with Welch's correction). Animals were sacrificed 1 hour following the start of the test day session and brains were flash frozen for RNA and protein analyses. We focused on the NAc because this region is necessary and sufficient, specifically the shell, for cocaine CPP as determined by lesion and region-specific cocaine injection experiments. 47, 48 We found that NAc HuD mRNA and protein was significantly increased in those animals trained with cocaine (Figure 2B ,C; t(10) = 2.5, P = .03; t (10) = 2.7, P < .02). This suggests that NAc HuD upregulation is associated with cocaine CPP.
Given that CPP was associated with an upregulation in NAc
HuD, we expected that HuD ARG targets may be upregulated as well. We assessed the expression of 2 well-validated HuD targets,
Bdnf and Camk2a, which also have the highest evidence scores in KARG (Bdnf = 16 and Camk2a = 7; Reference 41). As shown in Figure 2D ,E, we found that Camk2a mRNA and CaMKIIα protein were both upregulated within the NAc after cocaine CPP training (t naïve HuD OE mice showed that both the mRNA ( Figure 3A ; t(7) = 2.6, P = .04) and HuD protein ( Figure 3B ; t(7) = 3.2, P = .01) were overexpressed within this region. We also found that Camk2a, Bdnf-L and Bdnf-Pan mRNA were concomitantly increased in HuD OE mice (Figure 3C ,E,G; t(6) = 2.5, P = .049; t(6) = 2.6, P = .04; t(6) = 2.6, P = .04). Additionally, NAc CaMKIIa, pro-and mat-BDNF proteins were increased ( Figure 4D ,F,H; t(5) = 9.9, P = .0002; t(11) = 2.2, P = .049; t(5) = 2.7, P = .04). This suggests that in the absence of CPP training or cocaine treatment, animals overexpressing HuD within the NAc show increased levels of HuD and its plasticity-associated targets.
| Increased ARG expression and cocaine CPP in HuD OE mice
To test the functional role of enhanced levels of HuD, we trained
HuD OE mice and wild-type littermates in the same cocaine CPP procedure described above. Notably, although all groups received cocaine during conditioning, HuD OE animals showed increased CPP behavior compared with wild-type controls ( Figure 4A ; t(25) = 2.6, P = .02). First, we confirmed that HuD OE animals indeed had elevated
HuD in the NAc, as found in Figure 3A ,B in naive animals. Although we did not detect increased expression of HuD mRNA, we did find increased HuD protein expression in HuD OE animals that underwent cocaine CPP ( Figure 5A ,B, t(9) = 4.7; P = .47; t(5) = 3.5, P = .02). Additionally, HuD OE animals showed significantly higher expression of HuD ARG target mRNA and protein ( Figure 5C -H, t (5) = 2.9; P = .03; t(5) = 3.2, P = .02; t(4) = 4.0, P = .02; t(8) = 3.8, P = .005; t(7) = 2.5, P = .04; t(4) = 3.0, P = .04). To determine the specificity of HuD overexpression, we assessed the expression of 16, 18, 20, 59 Although HuD is predicted to regulate other 72 ARG mRNAs, as proof-of-principle, we focused the validation on the top 2 ARG genes, as they have the highest evidence scores in KARG and been highly associated with behavioral and addictionrelated processes. For example, these 2 genes regulate molecular processes involved in the learning and memory of discrete spatial cues. [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] Since visual spatial cues are critical in CPP behavior, 72 and these molecules have been associated with CPP for other drugs of abuse, this suggested that HuD may regulate cocaine-CPP through direct targeting of CaMKIIα and BDNF. [73] [74] [75] [76] Although overexpression of HuD was found to facilitate cocaine CPP learning, previous work from our laboratory on the role of HuD in other learning-associated behaviors suggests that its constitutive overexpression disrupts more complex learning and retention of spatial memories. 25 . This apparent discrepancy may be due to the 
